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ABSTRACT
Branch power equalization and increased system robustness
against antenna orientation in transmit polarization diver-
sity systems is achieved through the precoded transmission
of elliptical polarization. Elliptical polarization offers two
main benefits over traditional polarization diversity systems.
Firstly, it is able to facilitate power coupling between or-
thogonal polarizations and reduce the system sensitivity to
antenna orientation. Secondly, when the operation parame-
ters for elliptical polarization are chosen carefully based on
channel information, branch power equalization is achieved
for arbitrary transmitter orientation. In this paper, we ar-
ticulate the parameters which need to be precoded at the
transmitter to achieve power balance. The closed form solu-
tions for optimal cross polarization discrimination are pre-
sented, assuming the full knowledge of channel statistics.
Categories and Subject Descriptors
C.2.1 [Computer-Communication Networks]: Network
Architecture and Design—Wireless communication
General Terms
Transmit Polarization Diversity, Cross Polar Discrimination
1. INTRODUCTION
Antenna based diversity techniques have been well docu-
mented in the literature [3]. In typical systems using spatial
diversity at the base station, antenna separations in the or-
der of 30 wavelengths is prerequisite to achieve sufficient
decorrelation for diversity action. Due to the limitations
in space availability, this type of diversity may be difficult
and even impossible to implement. Antenna polarization di-
versity has been considered as a more attractive alternative
because antenna elements can be co-located [5, 6]. Further-
more, an advantage of antenna polarization diversity is its
ability to recover from a polarization mismatch, which oc-
curs when the polarization of the receiver antenna becomes
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mis-aligned with the dominant polarization as a result of
random antenna orientations [4].
Traditional polarization diversity systems have been re-
alized with the transmission of a principally linearly polar-
ized signal and then using a pair of antennas to capture
the signal in orthogonal polarizations [1, 9]. As the signal
propagates through the mobile medium and interacts with
channel obstacles, some of the signal power residing in the
co-polarization is coupled into the cross-polarization. Ide-
ally, half the power in the co-polarized plane couples into the
cross polarized plane, and signals propagating through the
orthogonal polarizations suffer uncorrelated fading. When
these conditions are not satisfied, system robustness against
multipath fading deteriorates.
One of the main issues in traditional implementations of
polarization diversity transmitting a principally vertically
polarized signal and then using a pair of antennas to cap-
ture the signals in the vertical polarization (Vpol) and the
horizontal polarization (Hpol) is the large power discrep-
ancy between the received signals. Even within an urban
environment, the density of the obstacles can not guarantee
adequate power coupling [9], giving rise to a dominant polar-
ization dictated by the orientation of the transmitter. Fur-
thermore, due to the nature of electromagnetic propagation,
attenuation of the orthogonal polarizations are not symmet-
rical, with the polarization perpendicular to the channel ob-
stacles suffering greater attenuation than the polarization
parallel to the obstacles [4]. Despite adequate power cou-
pling, the asymmetric attenuation between polarizations will
still give rise to branch power imbalance.
The power imbalance between the Vpol and Hpol is quan-
tified by the Cross Polarization Discrimination (XPD), and
it is defined as the ratio between the total power avail-
able in the Vpol and the total power in the Hpol. When
there is large discrimination, diversity performance is sub-
optimal because signal contributions from the branch with
lower power is limited.
One method to equalize the power discrepancy was in-
troduced by Kozono et al. in [5]. This features a pair of
linearly polarized antennas, which have been aligned at an
angle ±α relative to the vertical axis. However, this tech-
nique of power equalization is at the expense of increased
fading correlation. Fading correlation could be controlled
by changing α to allocate different amounts of signal contri-
bution from the Vpol and Hpol, but this causes the mean
signal levels to drop as a result of polarization mismatch.
Furthermore, this configuration assumes the transmission of
a principally vertically polarized signal, which may not al-
Figure 1: (a) Transmitter antenna configuration.
Antennas V1 and V2 are always orthogonal, with the
rotation of the antennas controlled by angle α, the
angle between antenna V1 and the vertical y axis.
(b) Receiver antenna configuration. Antennas R1
and R2 are always orthogonal, with the rotation of
the antennas controlled by angle ψ, defined as the
angle between antenna R1 and the vertical y axis.
ways be the case in the mobile uplink.
To encourage power coupling between polarizations and
compensate for the asymmetric attenuation at the same
time, the transmission of an elliptically polarized signal is
considered. The use of elliptical polarization is an advan-
tage because firstly, the rotation of polarization states is ar-
tificially introduced at the transmitter to encourage power
coupling. Secondly, assuming that accurate channel esti-
mates are readily available at the transmitter, the signal
could be preconditioned to inject more power into the po-
larization expected to suffer higher attenuation.
In this paper, we show that by adaptively precoding the
parameters of elliptical polarization at the transmitter, as-
suming accurate estimations of the channel statistics, branch
power equalization is obtained. The optimal operation pa-
rameters are orientation specific, therefore a knowledge of
the transmitter orientation must be available during the
adaptive precoding phase prior to transmission. The avail-
ability of the transmitter orientation in the uplink will not
a problem, as the emerging mobile handsets available on
the market include inbuilt accelerometers suitable for this
application.
The structure of the paper is as follows. In Section 2 we
detail the transmit and receiver systems, and explain the
generation of an elliptically polarized signal. The channel
characteristics are also presented. The expressions of the
diversity parameters XPD and power correlation as a func-
tion of antenna orientation are derived in Section 3. The op-
timal parameters and the method to achieve branch power
equalization given arbitrary orientation is presented in Sec-
tion 4. Section 5 presents a discussion on the theoretical and
simulated results. Finally, Section 6 concludes the paper.
2. SYSTEM MODEL
2.1 Transmitter System
At the transmitter, a pair of linearly polarized antennas
V1 and V2, which are always orthogonal to each other is
considered. The transmitter orientation is described by α,
defined as the angle between antenna V1 and the y axis. Az-
imuthal dependence is not considered and the configuration
Figure 2: Channel links between the transmitter and
receiver
is assumed to be broadside to the receiver. This is illustrated
in Fig. 1(a).
An elliptically polarized signal is produced when the sig-
nals feeding into the two antennas take the following form:
V1 = A1e
j(ωt) (1)
V2 = A2e
j(ωt−θ) , (2)
where A1 and A2 are the signal amplitudes of V1 and V2
respectively. θ controls the phase offset between the two an-
tennas, and in particular, when θ = 0, it corresponds to lin-
ear polarization as both antennas are transmitting inphase.
Despite the random orientation at the transmitter, the
analysis is conducted with respect to the Vpol and Hpol. A
transformation matrix is used to standardize the field com-
ponents back into the Vpol and Hpol, written here as Vy
and Vx respectively.[
Vx
Vy
]
=
[
sin (α) − cos (α)
cos (α) sin (α)
] [
V1
V2
]
(3)
2.2 Channel
The modelling of the channel takes a similar approach to
that of [6], and describes the channel between the transmit-
ter and receiver with four communications links. This is
illustrated in Fig. 2.
Each of the communication links has been given a complex
channel response in the form Γejωφ, where Γ represents the
short term fading as a result of the multipath effect while φ
represents the random phase offset introduced by the chan-
nel. To remain consistent with the channel measurements re-
ported in [6, 7], weak fading correlation is assumed between
Γ11 and Γ21 as well as Γ22 and Γ12. All other combinations
of Γ are assumed independent. The random phase offsets
are all modelled as independent random variables uniformly
distributed between [0, 2pi). The communication medium is
also assumed to be linear and passive, so that reciprocity
can be applied [6].
After the signal has propagated through the channel, the
resultant signal present inside the Vpol and the Hpol at the
receiver, written here as Ry and Rx is calculated by[
Rx
Ry
]
=
[
Γ11e
jφ11 Γ12e
jφ12
Γ21e
jφ21 Γ22e
jφ22
] [
Vx
Vy
]
. (4)
2.3 Receiver System
The receiver configuration is based on the one considered
in [9]. Two linearly polarized diversity antennas R1 and R2,
broadside to the transmitter, which are always orthogonal
but rotatable together are considered. The rotation of the
receiver is modelled by ψ and is defined as the angle be-
tween antenna R1 and the vertical axis. This configuration
is illustrated in Fig. 1(b).
The signals received in the diversity antennas are obtained
by summing the projections from Rx and Ry .[
R1
R2
]
=
[
sin (ψ) cos (ψ)
− cos (ψ) sin (ψ)
] [
Rx
Ry
]
. (5)
3. DIVERSITY PARAMETERS
The performance of diversity systems is described by the
diversity gain, and is defined as the improvement in the sig-
nal to noise ratio with diversity relative to a single branch
without diversity combining, at a given level of cumulative
probability. For polarization diversity, diversity gain is in-
fluenced by the XPD and the fading correlation between
antenna branches.
3.1 Cross Polarization Discrimination
The cross polarization discrimination (XPD) is the mea-
sure of the difference in signal power between the Vpol and
Hpol. It is defined as the ratio between the total power avail-
able at the receiver in the Vpol and the total power available
in the Hpol. Firstly, to calculate their respective powers in
the Vpol and Hpol, we start with equation (4) and proceed
to take the expectation of the magnitude square of Ry and
Rx. Finally, E
[
R2y
]
and E
[
R2x
]
are arranged in a ratio to
yield the XPD.
XPD =
E
[
R2y
]
E [R2x]
=
KdE
[
Γ221
]
+KsE
[
Γ222
]
KdE [Γ211] +KsE [Γ
2
12]
, (6)
where Kd and Ks are
Kd =A
2
1 sin
2 (α) +A22 cos
2 (α)
− 2A1A2 sin (α) cos (α) cos (θ) (7)
Ks =A
2
1 cos
2 (α) +A22 sin
2 (α)
+ 2A1A2 sin (α) cos (α) cos (θ) . (8)
When the operating conditions A1 = 1, A2 = 0 and α = 0
is considered, the expression of the XPD simplifies down to
XPDVpol =
E
[
Γ222
]
E [Γ212]
, (9)
which represents the degree of power coupling from the Vpol
into the Hpol. This is the traditional definition of the XPD
in the literature [5, 9] assuming the transmission of a verti-
cally polarized signal. A similar interpretation for the power
coupling form the Hpol into the Vpol is obtained by setting
A1 = 1, A2 = 0 and α =
pi
2
.
XPDHpol =
E
[
Γ221
]
E [Γ211]
. (10)
Where there is a high level of discrimination between the
Vpol and the Hpol , the power contributions from E
[
Γ212
]
and E
[
Γ221
]
becomes insignificant. An expression of the
relative attenuation between the Vpol to Vpol and Hpol to
Hpol branches is obtained when A1 = 1, A2 = 0 and α =
pi
4
.
XPDAsym =
E
[
Γ222
]
E [Γ211]
(11)
The asymmetric attenuation across the Vpol and Hpol has
been measured to fluctuate between 0dB and 15dB, with
the local means from the polarizations to be within ±3dB
for almost 90% of the time [6].
3.2 Power Correlation Coefficient
The power correlation coefficient between receiver anten-
nas R1 and R2 is an indication of the degree of similarity
between fading signatures, and is calculated by
ρp =
E
[
R21R
2
2
]
− E
[
R21
]
E
[
R22
]
√
(E [R41]−E
2 [R22]) (E [R
4
1]− E
2 [R22])
. (12)
The required moments and joint moments of R21 and R
2
2
are obtained from (5) and substituted into (12). The cal-
culation assumes correlated channels as described in Sec-
tion 2.2. Further, it is assumed that the envelope fading
follows Rayleigh distribution, as it is considered to be the
worst case scenario for short term fading [8]. As a result,
it follows that all of the fourth order moments of Γ can be
rewritten as second order moments through the property
E
[
Γ4
]
= 2E2
[
Γ2
]
.
The simplified expression of the power correlation is
ρp =
tan2 (ψ)
[
E
[
R2x
]
− E
[
R2y
]]2
+ βep
[
tan2 (ψ)− 1
]2
√√√√√
[(
tan2 (ψ)E
[
R2x
]
+E
[
R2y
])2
+ 4βep tan
2 (ψ)
]
·
[(
E
[
R2x
]
+ tan2 (ψ)E
[
R2y
])2
+ 4βep tan
2 (ψ)
]
,
(13)
where
βep =K
2
d Cov
(
Γ211,Γ
2
21
)
+K2s Cov
(
Γ212,Γ
2
22
)
, (14)
and Cov (X, Y ) is the covariance between X and Y . For
analysis purposes, it is often more convenient to express the
channel covariance in terms of the channel correlation coef-
ficients ρ11,21 and ρ12,22.
βep =K
2
dρ11,21E
[
Γ211
]
E
[
Γ221
]
+K2sρ12,22E
[
Γ212
]
E
[
Γ222
]
.
(15)
4. OPTIMAL PARAMETERS
Branch power equalization is achieved from the transmit-
ter for a known arbitrary transmitter orientation, given the
perfect knowledge of channel conditions. The parameters
A1, A2 and θ are precoded to give the ideal eccentricity and
rotation of the ellipse, so that power imbalance in a partic-
ular polarization may be compensated. The optimization
procedure is to achieve two conditions. Firstly, the value of
the XPD=0dB at the given transmitter orientation α,
XPD =
E
[
R2y
]
E [R2x]
= 1 , (16)
secondly, the resulting XPD as a function of α must be at a
global minimum for the defined α
dXPD
dα
= 0 . (17)
To find the values of A1, A2 and θ for optimum XPD,
these two conditions are used to form two equations. A
solution is first derived in terms of T , which represents the
ratio between the antenna amplitudes T = A1/A2, and θ.
A third constraint is then introduced to specify the total
transmitted power to finally obtain values for A1 and A2.
From (6) and (16), when represented in terms of T , it
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Figure 3: A graphical comparison between the ana-
lytical and simulated results of T for optimum XPD
over a range of transmitter orientations α. An urban
environment is assumed.
follows that optimal XPD=0dB is achieved when
G =
T 2 sin2 (α) + cos2 (α)− 2T sin (α) cos (α) cos (θ)
T 2 cos2 (α) + sin2 (α) + 2T sin (α) cos (α) cos (θ)
,
(18)
where
G =
E
[
Γ222
]
− E
[
Γ212
]
E [Γ211]− E [Γ
2
21]
. (19)
Rewriting (18) to make cos (θ) the subject, we get
cos (θ) =
sin2 (α)
(
T 2 −G
)
+ cos2 (α)
(
1− T 2G
)
2T sin (α) cos (α) (G+ 1)
, (20)
for α 6= npi
2
where n is integer.
When the second condition is used to derive the second
equation, the gradient of the XPD was taken with respect
to α and equated to zero. After simplification, we arrive at
K′dKs −K
′
sKd = 0 . (21)
Then, rewriting the expression to make cos (θ) the subject,
cos (θ) =
sin (α) cos (α)
(
T 2 − 1
)
T cos (2α)
, (22)
for α 6= pi
4
+ 2npi, 3pi
4
+ 2npi where n is integer.
Finally, by combining (20) and (22) the expression for T
is obtained.
T 2 =
G sin2 (α) + cos2 (α)
sin2 (α) +G cos2 (α)
(23)
The general algorithm to compute the optimal transmis-
sion parameters is to first obtain knowledge on the transmit-
ter orientation α and the channel conditions for calculating
G. The ratio of A1 to A2 is then obtained through T in
(23). Following this, depending on the value of α, the phase
offset θ is calculated from (20) and (22). Finally, a con-
straint is placed on the total transmit power and A1 and A2
are then calculated. The parameters of the elliptical polar-
ization should be computed periodically, determined by the
channel coherence time, to ensure that the XPD is adap-
tively optimized in a time varying channel.
An exhaustive approach was employed to verify the pa-
rameters for optimal XPD over a range of different α. An ur-
ban environment with characteristics consistent with those
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Figure 4: A graphical comparison between the ana-
lytical and simulated results of the phase offset be-
tween antenna V1 and V2, θ for optimal XPD. An
urban environment is assumed.
Table 1: Optimal operation parameters A1, A2 and
θ for a range of transmitter antenna orientations α
α (degs) A1 A2 A1/A2 (T ) θ (rads)
0 1.0000 1.4142 0.7071 1.5708
10 1.01535 1.4032 0.7236 1.6930
20 1.0590 1.3706 0.7727 1.7977
30 1.1175 1.3233 0.8445 1.8675
40 1.1900 1.2585 0.9456 1.9059
50 1.2585 1.1900 1.0576 1.9059
60 1.3233 1.1175 1.1842 1.8675
70 1.3706 1.0590 1.2942 1.7977
80 1.4032 1.01535 1.3820 1.6930
90 1.4142 1.0000 1.4142 1.5708
reported in the literature [1, 6, 9] was assumed, and this
translates to the conditions where |XPDVpol| = |XPDHpol| =
6dB and XPDAsym = 3dB. Table 1 summarizes the results.
The analytical solutions for the optimal parameters were
compared with the simulated results. The comparisons are
illustrated in Fig. 3 and Fig. 4. In both figures, it can be
seen that the simulated parameters closely agree with the
analytical results.
5. PERFORMANCE ANALYSIS
In this section, we demonstrate the ability of elliptical
polarization to achieve optimal XPD, given arbitrary trans-
mitter orientation. An urban environment was assumed in
the analysis, where |XPDVpol| = |XPDHpol| = 6dB and
XPDAsym = 3dB. The channels are also assumed to be
correlated, such that ρ11,21 = ρ12,22 = 0.4. Following the
analysis of the XPD, the power correlation coefficient across
antenna R1 and R2 are also presented. Computer simula-
tions were used to verify validity of the development, and
the generation of correlated Rayleigh channels was achieved
using the method described in [2]. Fifty thousand indepen-
dent trials were conducted and all of the simulated results
agree to the theoretical calculations.
5.1 Cross Polarization Discrimination
Fig. 5 shows the results for the elliptical polarization sys-
tems which have been tuned for optimal performance at α
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Figure 5: XPD for elliptical polarization as a func-
tion of transmitter orientation α in an urban en-
vironment. The three systems presented are opti-
mized for α = 0, 20 and 40 degrees.
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Figure 6: Power correlation coefficient of elliptical
polarization as a function of receiver orientation ψ in
an urban environment. The system considered is op-
timized for α = 0, but presents the best (XPD=0dB)
and worst cases (XPD=3.274dB) of the XPD. The
two lines represents the lower and upper bounds of
the correlation respectively.
= 0, 20 and 40 degrees, using the operation parameters pre-
sented in Section 4. For clarity purposes, the figure only
displays the transmitter orientations from 0 to 180 degrees,
however the results from 180 to 360 degrees are identical.
The result verifies our design, and demonstrates that an op-
timum XPD of 0dB is achieved for α = 0, 20 and 40 degrees.
The result also demonstrates that the parameters for op-
timal XPD is orientation specific. Even though the deterio-
ration in performance is mild for small changes of α, in the
worst case scenario, the XPD could potentially increase to
over 3.25dB. Because of this, it is important to adaptively
change the operating parameters for A1, A2 and θ based on
accurate channel estimations.
5.2 Power Correlation Coefficient
In Fig. 6, we have presented the correlation coefficient
between antenna R1 and R2 for the best and worst case
scenarios of the XPD, as a result of transmitter orienta-
tion. The system considered has been pre-coded to yield
optimal XPD when α = 0. The best case scenario corre-
sponds to XPD = 0dB while the worst case corresponds
to XPD = 3.274dB. This plot demonstrates the upper and
lower bounds of the correlation coefficient as a function of
the receiver orientation when elliptical polarization with op-
timized parameters is used. The results show that at worst,
branch power correlation will never exceed 0.215. Further,
if the operation parameters are adaptively optimized for op-
timal XPD, the maximum correlation coefficient will remain
suitably low with a maximum value no larger than 0.15.
6. CONCLUSION
Branch power equalization is achieved through the trans-
mission of a precoded elliptical polarization assuming the
perfect knowledge of the channel statistics and transmit-
ter orientation. For arbitrary transmitter orientations, the
operation parameters of elliptical polarization can be pre-
coded for optimal XPD. The branch power correlation is also
shown to be very low, suitable for diversity action. Dynamic
adaptation of the operation parameters using the proposed
general algorithm could guarantee effective and improved di-
versity action irrespective of transmitter orientation, which
may not be possible with the traditional space or polariza-
tion diversity schemes.
7. REFERENCES
[1] C. B. Dietrich, K. Dietze, J. R. Nealy, and W. L.
Stutzman. Spatial, polarization, and pattern diversity
for wireless handheld terminals. Antennas and
Propagation, IEEE Transactions on, 49(9):1271–1281,
2001.
[2] R. B. Ertel and J. H. Reed. Generation of two equal
power correlated rayleigh fading envelopes.
Communications Letters, IEEE, 2(10):276–278, 1998.
[3] W. C. Jakes. A comparison of specific space diversity
techniques for reduction of fast fading in uhf mobile
radio systems. Vehicular Technology, IEEE
Transactions on, 20(4):81–92, 1971.
[4] J. Jootar, J. F. Diouris, and J. R. Zeidler. Performance
of polarization diversity in correlated nakagami-m
fading channels. Vehicular Technology, IEEE
Transactions on, 55(1):128–136, 2006.
[5] S. Kozono, T. Tsuruhara, and M. Sakamoto. Base
station polarization diversity reception for mobile radio.
Vehicular Technology, IEEE Transactions on,
33(4):301–306, 1984.
[6] W. Lee and Y. Yeh. Polarization diversity system for
mobile radio. Communications, IEEE Transactions on
[legacy, pre - 1988], 20(5):912–923, 1972.
[7] T. B. Sorensen, A. O. Nielsen, P. E. Mogensen,
M. Tolstrup, and K. Steffensen. Performance of
two-branch polarisation antenna diversity in an
operational gsm network. In Vehicular Technology
Conference, 1998. VTC 98. 48th IEEE, volume 2,
pages 741–746, 1998.
[8] R. G. Vaughan. Signals in mobile communications: A
review. Vehicular Technology, IEEE Transactions on,
35(4):133–145, 1986.
[9] R. G. Vaughan. Polarization diversity in mobile
communications. Vehicular Technology, IEEE
Transactions on, 39(3):177–186, 1990.
